Bacteriophage-induced lytic enzymes active against staphylococcal cells have been reported by Ralston et al. (8) and Doughty and Mann (2) . These lysins are released upon lysis of staphylococcal cells after infection with specific staphylococcal phages. The lytic agent designated virolysin by Ralston and co-workers acts on staphylococcal cells only after the cell wall has been altered by the action of agents such as heat and ultraviolet irradiation or after "sensitization" of cells with bacteriophage (9) . Both virolysin and CWSE-80, the bacteriophage-induced lytic agent described by Doughty and Mann (2) , are active in solubilizing isolated cell walls without alteration or "sensitization." The present paper describes the partial purification and properties of staphylococcal phage-associated lysin (PAL), an enzyme released upon lysis of staphylococcal strain PS53 infected with its homologous typing phage 53. PAL is active in solubilizing both isolated cell walls and -viable, actively metabolizing, whole staphylococcal cells without the necessity of prior alteration or sensitization.
MATERIALS AND METHODS Preparation of PAL. A culture of Staphylococcus aureus PS53 (obtained from the Center for Disease Control, Atlanta, Ga.) in the logarithmic stage of growth was prepared by inoculating an overnight culture (1:10) into Trypticase soy broth (TSB) containing 400 /lg of CaCI2 per ml and incubating it on a rotary shaker for 2 hr at 37 C. At this time, I ml of type 53 staphylococcal bacteriophage [9.25 x 108 plaque- ' Present address: Department of Microbiology, University of Georgia, Athens, Ga.
forming units (PFU)/ml] was added for each 20 ml of bacterial broth culture and shaking continued until lysis occurred (90 min). The lysate was then rapidly cooled in ice, and cellular debris was removed by centrifugation at 25,000 x g for 15 min. Ammonium sulfate was added to the supernatant to 60% saturation, and, after storage for 24 hr at 4 C, the resulting precipitate was removed by centrifugation at 13,000 x g for 15 min. The sediment was resuspended in one-twentieth volume of 0.9% NaCl and recentrifuged at 13,000 x g for 15 min to remove insoluble material. Ammonium sulfate was then added to the supernatant to 50% saturation, and, after storage for 24 hr at 4 C, the resulting precipitate was removed by centrifugation at 13,000 x g for 15 min. The sediment was resuspended in 0.07 M sodium phosphate buffer (pH 7.0), and, after a final centrifugation at 13,000 x g for 15 min to remove insoluble material, the supernatant was dialyzed for 48 hr against 25 volumes of 0.9% NaCl buffered at pH 7.0 with 0.07 M sodium phosphate buffer. The resulting dialysate was applied to a Sephadex G-200 column (25 by 100 cm), which had been equilibrated with 0.07 M sodium phosphate buffer, pH 7.0. PAL was eluted as a sharp peak immediately after the void volume. This partially purified preparation, which may contain a mixture of enzymes, was lyophilized and stored at -15 C until needed.
Lytic assay procedure for PAL activity. All Production of staphylococcal cell walls. Cell walls were prepared from S. aureus PS53 by disintegrating frozen suspensions of cells with an X-press at 24,000 lb of pressure. The disintegrated cell suspensions were then differentially centrifuged by the method described by Salton (12) for the isolation of purified cell wall material.
Analytic methods. The appearance of free amino groups during lysis was measured by reaction with fluorodinitrobenzene (3); the appearance of acetamido sugars were measured by the Morgan-Elson reaction (4) . RESULTS
The lytic activity of PAL against whole staphylococcal cells was shown to be greatly potentiated by the addition of reducing agents such as cysteine * HCI or mercaptoethanol. The activity of PAL was tested at various pH values from 4.0 to 8.0. The optimum pH for PAL activity was found to be 6.5, with a sharp drop in activity occurring at a pH below 6.0 and above 7.0 (Fig. 2) . PAL and S. aureus cells were incubated at a range of temperatures from 4 to 56 C. The greatest activity was seen at 30 C. although considerable lysis was seen at temperatures from 25 to 45 C (Fig. 3) .
When 0.5 M sucrose or 7.5% polyethylene glycol 4000 was incorporated into LM, the spheroplasts produced by PAL action could be stabilized and lysis could be inhibited almost completely for 60 to 90 min. Figure 4 shows the comparable lytic activity of PAL on whole cells and cell walls. The reduction in turbidity during the first hour observed during lysis of whole cells was much sharper than that seen with cell walls. This can be explained by the fact that, when a sufficient number of bonds are broken in the cell wall of intact cells, rapid osmotic lysis occurs, resulting in a sharp turbidity decrease. Solubilization of the remaining wall material then proceeds, resulting in a continuing but less rapid decrease in turbidity. With cell walls as the substrate, solubilization proceeds in a manner similar to that seen in the second phase of lysis of whole cells, without the sharp drop in turbidity resulting from osmotic lysis.
To determine whether the activity of PAL was that of a glycosidase or that of a peptidase, S. aureus PS53 cell walls and PAL (8 mg/ml) were incubated at 30 C and samples were removed and assayed for the appearance of free amino groups and acetamido sugars. Figure 5 shows Figure 6 shows that when PAL was added to a solution of DL-BAPA there was a steady increase in optical density with time. This is indicative of the breakage of the peptide bond. Control samples showed no optical density increase.
The PAL-cell wall reaction mixture was dialyzed against distilled water for 24 hr, and the dialysis fluid was passed through a column of Sephadex G-50. Each l-ml fraction was analyzed for free amino groups. As can be seen in Fig. 7 , a single sharp peak of free amino groups is noted. The fractions composing this peak were lyophilized and resuspended in distilled water. Samples were spotted on thin-layer Silica Gel G plates along with standards of alanine, glycine, lysine, and glutamic acid. The solvent system used was butanol-acetic acid-water (4: 1:1) and development was with ninhydrin spray. Two spots were found to originate from the sample of concentrated dialysis fluid. The spots were comparable to the spots produced by the glycine and alanine standards.
To substantiate further the nature of the amino acids released by PAL action on the leased into bacteriophage lysates, as is PAL, and will degrade the cell walls of S. aureus. The principal difference distinguishing PAL from virolysin is that PAL will act upon actively metabolizing, unaltered cells, whereas virolysin is inactive unless the staphylococcal cells are somehow altered, by heat at 56 C, acetone treatment, ultraviolet irradiation, or by bacteriophage "sensitization." An additional difference between the two agents is seen in the enhancement of PAL activity by reducing agents, whereas no such effect is noticed if reducing agents are added to virolysin.
Studies to determine the mode of action of PAL were designed first to ascertain whether PAL is a glycosidase or a peptidase and second to determine the exact bond or bonds attacked by PAL in the staphylococcal cell wall. The increase in free amino groups released by PAL action and the concomitant lack of increased acetamido sugars gave the first indication that PAL is a peptidase and does not contain certain measurable glycosidase activity. This conclusion was further substantiated by a positive color reaction as the peptide bond in the synthetic chromogenic peptide DL-BAPA was broken by PAL action. The studies to determine the exact mode of action of PAL are still not entirely conclusive as to exactly which peptide bond in the cell wall is being attacked. Both chromatographic separation and identification and amino acid analysis of dialyzed digestion products show alanine and glycine being released by PAL action. If one examines the proposed structure of the staphylococcal cell wall (14) , one can see that it is entirely possible for a single specific enzyme to break the pentaglycine bridges interlinking the peptide chains, thereby releasing free glycine and resulting in solubilization of the cell wall. If only glycine was found in dialysis fluids from PAL digestion, a glycine peptidase action for PAL would have been the obvious mode of action. Since alanine has also repeatedly been found in the digestion products, a degree of ambiguity is added to the conclusion of a glycine peptidase action for PAL. There are several possibilities which might explain the presence of alanine in dialysis fluids: (i) a second enzyme may be present which splits the peptide bond between L-lysine and D-alanine in the tetrapeptide; (ii) the L-lysine-D-alanine bond may be physically broken during PAL action and the alanine being measured is either free in the dialysis fluid or attached to the glycine which was originally bound to it before PAL digestion; 25 volumes of distilled water. The dialysis fluid was lyophilized, suspended in S ml of distilled water, and added to a Sephadex G-50 column, which was eluted with 0.07 M sodium phosphate buffer, pH 7.0. Fractions (1-ml) were collected and each was assayed forfree amino groups. of the tetrapeptide. As the glycine bridge linking the tetrapeptide chains is synthesized, the terminal D-alanine of the pentapeptide is split off by a specific peptidase. This may be the alanine which is being measured in dialysis fluids of PAL-digested cell walls.
Since PAL is able to remove at least a portion of the cell wall from viable, actively metabolizing, unaltered staphylococci, one has an easily produced and readily available means for producing spheroplasts from staphylococcal cells. Recent studies with S. faecalis (5) , Escherichia coli (6), Bacillus subtilis (7), and B. licheniformis (13) have implied that the cell wall may have a regulatory and possibly a synthetic function in the production of exocellular enzymes and toxins. PAL may prove to be an extremely useful agent for studies on the function of the cell wall in the normal metabolic processes of the staphylococci.
